Immune response and vaccination principles
==========================================

Vaccines are currently most effective treatments in preventing a number of infectious diseases and minimizing their impact on human or animal populations. A vaccine is a biological preparation that improves immunity to a particular disease upon administration to an animal/human. A vaccine typically contains one or several antigens that resemble a disease‐causing microorganism, and is often made from weakened or killed forms of the microbe or its derived antigenic proteins or its toxins + adjuvant. The antigens stimulate the body\'s immune system to recognize the agent as foreign, induces specific immune responses (immunogenicity). Vaccines can be prophylactic (e.g. to prevent or reduce the effects of a future infection by any natural pathogen), or therapeutic (e.g. vaccines against cancer). An ideal vaccine must have particular biological and physical characteristics, and vaccine development must gain from new technology advances ([@b27]).

Immune responses induced by vaccine ([Fig. 1](#f1){ref-type="fig"})
===================================================================

![Systems vaccinology: from vaccine conception and design to protection of the organism. The goal of a good vaccine is to obtain a sustained immune memory in T‐ and/or B‐cell compartments, allowing the host to respond more rapidly and with more efficiency to gain the race against an infectious challenge (prophylactic vaccines) or a tumour (therapeutic vaccines). Note that the design of the vaccine and the immunocompetence of the host are determinant for triggering an effective protection. After designing a vaccine, systems vaccinology is helpful to evaluate the host complex immune response at various levels of biological organization (from molecule to organism), considering actors from the innate or adaptive immune system. This approach establishes predictions, correlates or models that help to validate and refine the vaccine.](mbt0005-0295-f1){#f1}

Following vaccination, both the innate and the adaptive immune systems synergize to elicit an immune response. Indeed, after vaccine inoculation, antigen‐presenting cells -- notably dendritic cells -- take up antigens and traffic to the draining lymph nodes where they present processed antigens to naïve CD4+ and CD8+ T lymphocytes (CTL). Naïve T cells are stimulated to proliferate and differentiate into effector and memory T cells. Activated, effector and memory CD4+ T cells provide help to B cells to mount antibody responses, and to naïve CD8+ T cells to enhance their antigen‐driven clonal expansion and differentiation into cytotoxic CTL. Most antigens and vaccines trigger both B‐ and T‐cell responses, such that there is no rationale in opposing antibody production (humoral immunity) and T‐cell responses (cellular immunity). Nevertheless, the nature of the vaccine exerts a direct influence on the type of immune effectors that are predominantly elicited to mediate protective efficacy. The quality of the vaccine‐induced immune response depends on several factors, e.g. nature of antigen, route of administration, quality of antigen presentation, vaccine preparation adjuvants, timing between challenges. Moreover, the state of immunocompetence of subjects receiving the vaccine preparation can modify response efficacy due to their altered lymphocyte repertoires or antigen‐presenting cell potential ([@b21]; [@b10]).

Recently, the importance of the innate immune response has been recognized in determining the orientation of the quality and quantity of the adaptive immune response. Indeed, the discovery of pathogen recognition receptors such as Toll‐like receptor, expressed at the surface of most immune system cells and triggered in a specific manner upon ligation of various classes of pathogen‐associated molecular patterns, places this initial recognition event as a key to the overall immune response. This context accounts for the antigen (carried in a vaccine preparation) to be taken up by the innate immune system cells, namely dendritic cells, which will in turn present this antigen to T lymphocytes and initiate the adaptive immune response. Clearly, this double‐step recognition system adds to the complexity of the activation and regulation of the immune system, and places the innate response and associated inflammatory processes as key actors of the immune response when considering vaccine development ([@b30]; [@b42]). Therefore, in addition to the choice of antigen, the context of vaccine inoculation has to be carefully evaluated.

Immune responses required for protection
========================================

The immune mechanisms that induce immune protection are variable depending on the nature of pathogen and on the available TCR and BCR lymphocyte repertoires of the host. To be effective a vaccine should be capable of eliciting a number of features:

Favourable activation of antigen‐presenting cells to initiate antigen processing and presentation to T cells;Broad activation of T and B cells to give a high yield of memory cells;Generation of memory B cells, production of antibodies, in response to antigen‐specific B‐cell activation that neutralize infectious agents by binding specifically to their surface. In addition, antibodies can target the invading pathogen for destruction by either complement or antibody‐dependent cellular cytotoxicity;Generation of memory CTL to limit the spread of infectious agents by recognizing and killing infected cells or secreting specific antiviral cytokines;Generation of memory CD4+ T cells that do not prevent but participate to the reduction, control and clearance of pathogens by producing cytokines that support activation and differentiation of B cells and CTL;Generation of memory T cells to several epitopes, to overcome MHC variations across the population and limit immune response escape of the pathogen;Limit the recruitment/expansion of regulatory T lymphocytes (Treg), concomitant to the induction of vaccine‐specific immune responses; andLong‐term immune memory persistence, often related to persistent antigen presentation and chronic infection.

Before the 1990s, most vaccination programs have been developed and evaluated based on the efficacy of vaccine to induce high titres of antibodies and vaccine programs have not focused on the quality of the T‐cell response to provide protection against disease. Noteworthy, most successful vaccines currently in use were developed with little understanding of cellular immune responses nor memory responses.

Evaluation of vaccine efficacy
==============================

To generate vaccine‐mediated protection is a complex challenge when the rules and identity of vaccine‐induced immune correlates of protection are poorly characterized. Vaccine protective efficacy is primarily conferred by the induction of antigen‐specific antibodies. However, the peak of vaccine‐induced antibody titres (i.e. antibody response quantity) does not solely explain antibody‐mediated protection. The quality of such antibody responses (e.g. their avidity, epitope mapping, glycosylation, diversity. . .), as well as that of the associated T‐cell response, have been identified as determining factors of high‐affinity antibody responses and efficient immune memory. Different types of memory T cells (central‐memory and effector‐memory) have been identified based on their functional and migratory properties and therefore contribute differently to the long‐lasting cellular immunity ([@b52]).

New methods have emerged to assess a growing number of vaccine‐associated immune parameters, raising questions relative to the optimal markers to study and their correlation with vaccine‐induced protection. The primary vaccine efficacy surrogate markers have traditionally been the antibody titre to vaccine antigens or the measurement of antibody function such as antiviral neutralizing activity. More recently, the measurement of T‐cell function in conjunction, with or without antibody measurements, has been used to assess vaccine efficacy (e.g. measurement of epitope immunoreactivity at the individual cell level using the ELISPOT, simultaneous measurement of intracellular cytokine production and cell phenotype using flow cytometry, binding of tetramers to cell surface receptors). New biomarkers evaluate T‐cell functions (e.g. memory, helper, effector), as well as T‐cell interactions with other cells of the immune system such as dendritic or antigen presenting cells. Notably, as exemplified by the development of multicolour flow cytometry (see below), these methods assess vaccine efficacy at the individual immune cell level rather than measuring the total immune response.

Current ways to monitor vaccine immunogenicity provide very limited information and substantial efforts are required to propose comprehensive immunological assessments. Indeed, induction of antigen‐specific memory immune responses does not imply that these antibodies, memory cells or cytokines represent surrogates -- or even correlates -- of vaccine efficacy. Moreover, such potential surrogate markers for vaccine efficacy are vaccine‐dependent, therefore not necessarily applicable to all vaccines. These considerations highlight the requirement to develop new methods for measuring early vaccine efficiency. Thus, an integrated evaluation of vaccine efficiency must consider various multiscale and multiparametric variables:

potential efficiency of the host (age‐, disease‐ or treatment‐related immunodeficiency);antigenicity of the vaccine preparation;cellular and humoral immunogenicity; andeffective immune protection of the organism.

Investigations should be done at the various scales of the organism response (protection) to the lower levels (i.e. cell populations, cell, gene). The goal is to establish correlates between protection and cellular and molecular responses: mucosal response, local antibody production, timely B‐ and T‐cell responses, appropriate effector or regulatory biological pathways. Systems immunology provides new tools to assess such responses, to investigate the dynamics and repertoire modifications following an immunization, to better understand the mechanisms of cell activation, and derive models of efficient vaccine‐induced immune responses.

Rationale of vaccine evaluation
===============================

A central goal of vaccine research is to identify when an (early) vaccine‐induced immune response is predictive of later efficient protection from infection or disease. Correlates of protection after vaccination are often relative to various factors such as pathogen prevalence levels, host factor deficiency or HLA polymorphism. An immune correlate can be used for guiding vaccine development and refinement, for predicting vaccine efficacy in different settings, and for guiding vaccination policies and regulatory decisions.

However, traditional immunomonitoring methods used to depict vaccine immunogenicity are not suitable to predict vaccine efficacy. For example, assays for antibodies are often based on binding of antigen, when binding antibodies do not necessarily have functions. It is also obvious that cell‐mediated immune functions are critical in protecting against intracellular infections, and in almost all diseases, CD4+ cells are necessary to help B‐cell development. The best case of cellular immunity is the Bacillus Calmette‐Guérin (BCG) vaccine against tuberculosis. All attempts to develop better protection against tuberculosis are based on improving cellular responses to BCG vaccine, but at the moment, no true correlate is known. Production of IFNγ by CD4+ T cells is necessary to prevent disease after exposure but is not an adequate correlate of BCG vaccine‐induced protection ([@b3]; [@b31]).

The possibility of finding some way to define the key, early correlates of vaccination would therefore be an invaluable tool but represents a considerable challenge. In particular, the ability to read out such information early after vaccination would greatly modify the development and evaluation of new vaccines. To this end, the expanding knowledge on the molecular mechanisms of immune responses, the availability of high throughput genomic and proteomic technologies and the development of integrative Systems Biology offer new approaches for modelling vaccine‐induced immune responses and open the possibility to establish predictive signatures of effective responses.

In this line, a wealth of complementary immunomonitoring technologies has emerged in order to follow a number immunological parameters related to measure vaccine‐induced immune responses. These include the evaluation of (i) innate immune responses, e.g. dendritic cell activation ([@b37]), inflammatory response, complement activation, (ii) adaptive antibody responses, e.g. antibody and B‐cell immune responses ([@b4]), neutralizing antibodies ([@b33]), non‐neutralizing antibodies, antibody‐dependent cell cytotoxicity, (iii) adaptive T‐cell immune responses, e.g. CTL activity, T‐cell specificity using tetramer/peptides, cytokine production ([@b44]), and (iv) lymphocyte repertoire diversity, e.g. Immunoscope/CDR3 spectratyping, TCR/Ig rearrangement quantification, TCR/Ig deep sequencing ([@b5]; [@b6]). Importantly, the rapid progress in flow cytometry implies that an increasing number of parameters can be looked at simultaneously, which is highly relevant for a more comprehensive assessment of lymphocyte characteristics, in particular their multifunctional profile. The challenge is to globally analyse these multiscale multiparametric high‐throughput data in order to extract characteristic signatures of immune response and vaccine efficiency, and thus predictors of protection against further infectious challenges.

Current state‐of‐the‐art of systems vaccinology
===============================================

In face of the infinite diversity of pathogenic microbes, existing or yet to come, the immune system has evolved many different weapons and tactics, some global and others specific. Seen from an operational perspective, the immune system is a dynamic and responsive tissue, made of a very large set of diverse, circulating, though interconnected cells with loop/circuit types of interactions.

A better understanding of immune responses can benefit from global approaches aimed not only at studying the individual components involved, but also at studying and modelling (i) the complex interactions between these components and (ii) most importantly their spatial and temporal aspects. Systems biology is developing the tools to tackle this type of complexity, based on analysing large data sets with non‐supervised methods and/or through modelling, to extract/generate statistically significant results, irrespective of preconceived hypotheses ([@b2]; [@b20]). The systems biology framework should provide novel analyses of immune responses, identifying response‐specific signatures and assessing their predictive value. The principle of this approach is to integrate high‐throughput data, e.g. any omics, and produce a model of the immune response triggered.

Historically, progress in vaccine development has come in waves produced by technological revolutions. Current developments translate vaccinology as a combinatorial science, which studies the diversity of pathogens and the complexity of the immune system, throughout screening or immunoinformatic tools. The future advances for vaccine development will be based on taking a systems biology approach to the immune system, leading to the creation of a virtual or *in silico* immune system capable of complex simulations ([@b15]; [@b12]; [@b20]).

Immunoinformatics modelling and vaccine development
===================================================

A major goal of immunoinformatics is to develop tools for computational vaccinology and accelerate development of new vaccines. Current approaches applied to vaccinology aim at predicting vaccine immunogenicity allowing its advancement into clinic without the uncertainties of the current vaccine development processes.

Reverse vaccinology
-------------------

Reverse vaccinology involves the *in silico* screening of a pathogen entire genome to identify genes encoding proteins with the attributes of good vaccine targets. This reverse approach takes advantage of the increasing availability of whole pathogen genome sequences, either single pathogenic isolate or pan‐genomes (the genomic information from several isolates) of a pathogenic species. Indeed, the genome sequence provides an exhaustive catalogue of virtually all protein antigens that the pathogen can express at any time. Reverse vaccinology thus begins with bioinformatics analysis to identify antigens *in silico* that are then tested experimentally. This sequence is a reversal of the standard workflow in which analysis requiring culturing the organism comes initially and bioinformatics analysis subsequently. This approach, used originally against meningococcus, allows fast identification of candidate antigen as target for vaccination and provides new solutions for those vaccines that have been difficult or impossible to develop ([@b40]; [@b46]). Several curated databases are now developing that provide comprehensive information about experimentally validated antigens, e.g. Protegen ([@b50]), IEDB ([@b51]), AntigenDB ([@b1]).

Immunomics
----------

Immunomics or computational vaccinology makes use of modelling of antigen processing and presentation in order to support the T‐cell epitopes mapping. Web‐accessible computational methods have been developed for each of the different antigen processing steps including proteasome cleavage, transport by the transporter associated with antigen processing, binding of peptides to MHC molecules and presentation on the cell surface. ([@b8]; [@b13]; [@b14]; [@b16]). For example, PEPVAC (promiscuous epitope‐based VACine) is a tool optimized for the formulation of multi‐epitope vaccines with broad population coverage, using HLA binding profile matrices coupled to filtering for immunoproteasome cleavage using probabilistic modelling ([@b41]). OptiTope offers a step‐by‐step interface to assist immunologists in designing epitope‐based vaccines. It relies on an original algorithm that maximizes the overall immunogenicity of an epitope set ([@b48]). Using such prediction tools, novel T‐cell epitopes have been discovered across various targets, including pathogen antigens, cancer antigens, autoantigens and allergens.

A new complementary immunoproteomics technologies called immunosignaturing has developed based on the measuring of serum antibody reactivity spectrum against random sequence peptide arrays, and applied to defining immunosignatures of serum antibody responses against infection or vaccine ([@b26]). Although such global technologies pose analysis and interpretation challenges, computer‐aided statistical modelling schemes are developing ([@b7]). Immunomics is now leading to vaccine informatics combining immunoinformatics algorithms and resources to predict T‐ and B‐cell immune epitopes to *in silico* protein immunogenicity prediction, systematic transcriptomics and proteomics gene expression analyses, data and literature mining, and Vaccine Ontology formalism in order to offer computer‐based strategies for automated vaccine development ([@b23]).

Vaccinomics
-----------

A new era of genomic vaccinology and computational prediction methods comes out, enabling systematic screening of multiple complete genomes of pathogens, together with analysis of the variability of pathogens and/or HLA complex. Vaccinomics, a branch of omics, encompasses the fields of immunogenetics and immunogenomics applied to understanding the mechanisms of heterogeneity in immune responses to vaccines ([@b35]; [@b36]). It investigates heterogeneity in host genetic markers that results in variations in vaccine‐induced immune responses, with the aim of predicting and minimizing vaccine failures or adverse events. An important study in the field of HIV vaccine development has been recently released concerning a genome‐wide association analysis in a multi‐ethnic cohort of HIV‐1 controllers and progressors. Three hundreds and thirteen genome‐wide significant single‐nucleotide polymorphisms were identified, all located in the MHC locus. Careful sequence analysis and statistical validation identify some specific amino acids of the HLA‐B peptide‐binding groove as accounting for the major genetic impact of host control of HIV‐1 infection ([@b47]).

Systems vaccinology
===================

While genomics has been successfully used to identify new vaccine antigens, the systems biology framework is also a promising tool for evaluating vaccine‐induced immune responses, identifying response‐specific signatures and assessing their predictive value.

A first proof of concept was brought by Pulendran and colleagues who applied a systems biology approach to study the immune response induced by the yellow fever vaccine, one of the most successful vaccines ever developed ([@b38]). Their strategy involved immunology, genomics and bioinformatics in order to gain a global picture of the nearly 30 000 genes, proteins and cells participating in immune responses to vaccination. Using this approach, the investigators identified gene expression signatures in the blood a few days after vaccination that could predict, with up to 90% accuracy, the strength of the immune response to the yellow fever vaccine. Sékaly and colleagues made similar observations using functional genomics coupled to polychromatic flow cytometry, showing a strong and coordinated initial response that determines the ensuing efficient polyfunctional and lasting adaptive response ([@b18]). Both studies underline a strong correlation between the early innate immunity‐related events and protective vaccine response. The consistency of these predictive signatures across several trials, for both CD8+ T cell and antibody responses to the yellow fever vaccine, raises the possibility that these rules or their components might have broad applicability for different types of immunogens designed to protect against diverse pathogens.

In this line, the group of Pulendran has recently published a second systems biology‐based study looking at the innate and adaptive immune responses in healthy adults receiving either trivalent inactivated or live attenuated influenza vaccines. Their findings identify early innate response‐related molecular signatures that predict with 90% accuracy later antibody titres. Interestingly, their study unravels a so far unknown role of the calcium/calmodulin‐dependent protein kinase type IV in controlling antigen‐specific antibody production, bringing new insights into vaccine response mechanisms ([@b32]).

Even if some of the predictor genes are common to the Yellow fever and Influenza vaccine studies, there remains to determine whether such signatures could be predictive across various vaccine setups when others would be vaccine‐specific. However, the comparison of two different Influenza vaccines with similar clinical effectiveness but a different capacity to induce antigen‐specific antibody responses led to the identification of early predictive signatures that correlate with antibody titre. Therefore, systems biology approaches permit the observation of a global picture of vaccine‐induced immune responses at an early time point after vaccination. These gene expression signatures of early innate immune activation predict the ensuing adaptive immune responses. Moreover, the key genes in the predictive signatures are not all related to inflammatory immune responses. Thus, in addition to providing a potential tool for the forward assessment of vaccine efficacy, the findings from this systems approach provide a starting point for the development of new hypotheses aimed at elucidating the parameters that control memory T cell and antibody production. Similar studies are now extending to other available successful vaccines aiming at building a reference immunome database of vaccine‐induced responses as compared with baseline measurements before vaccination, as advocated by R. Germain ([@b19]). This concerns, for example, HIV ([@b17]) or adjuvant research ([@b37]; [@b28]). Another area in which systems biology can bring additional insight is in reinvestigating failed vaccine candidates, such as the Merck MRKAd5 HIV vaccine ([@b45]), or looking for rules to hypo‐ or non‐responsiveness to vaccines of some recipients, e.g. Pneumococcal and Herpes zoster vaccine response in the elderly (Clinical Trials NCT01307449 & NCT01331161), Hepatitis B virus vaccine non‐responders (US Human & Health Services Grant 1U19AI089987‐01).

Rational development of novel genetic vaccines
==============================================

The complex combinatorial nature of molecular mechanisms that regulate immune system function has, in the past, limited our ability to fully predict immune responses. By bringing together high‐throughput experimental methods and information technology, our ability to decipher complex interactions that occur in the immune system has significantly improved. The current developments in computational vaccinology, including systemic models of vaccine responses, aim to establish such immune correlates and thus to accelerate the development of effective vaccines. Considerable efforts and specific research program are currently developed with this specific aim. In this line a number of research initiatives have been supported, such as VIOLIN (Vaccine Investigation and Online Information Network, <http://www.violinet.org>) integrates in a dedicated database of curated vaccine experimental data, a vaccine target prediction algorithm and a vaccine ontology. In the same line, DyNAVacS is a web‐based integrative tool to assist researchers designing and optimizing their DNA vaccine design ([@b22]).

In the past years, we have contributed to new genetic vaccine design within the scope of CompuVac, a European FP6 integrated project devoted to (i) rational development of a novel platform of genetic vaccines and (ii) standardization of vaccine evaluation, assembled a platform of viral vectors and virus‐like particles and developed standardized protocols and database to comparatively evaluate vector platform efficacy. Vaccine Vector candidate were systematically evaluated for their T‐cell and B‐cell immune response induction in parallel to measure early transcriptome changes in spleen dendritic cells 6 h after vaccine inoculation. Following a typical modelling scheme using unsupervised and supervised algorithms, we have systematically extracted statistically coherent molecular signatures from our transcriptome data across all vaccine vectors analysed. We then constructed a signature‐based random forest T‐cell response prediction model starting from a training set. This prediction model was then validated on an independent test set showing that spleen dendritic cell transcriptome changes only 6 h after vaccine injection are predictive of antigen‐specific T‐cell expansion at day 12 (N. Dérian, B. Bellier, W. Chaara, H.P. Pham, A. Six and D. Klatzmann, in preparation).

Mathematical and computer modelling
===================================

Vaccine design and evaluation should also gain from mathematical/*in silico* models for host/pathogen interactions, and from immune response modelling (see for reviews [@b11]; [@b15]). For example, one can consider ImmSim, a cellular automata‐based simulator of immune responses used to compare the behaviour of 64 virtual viruses with various speeds of growth, infectivity level and lethal load. Protection against infection conferred by different vaccine strategies could be tested and showed how different viruses are more susceptible to either antibody or T‐cell‐mediated responses ([@b25]). Recently, C‐ImmSim has been developed to extend the original agent‐based model of Seiden and Celada with a simulator engine that represents pathogens, in addition to lymphocyte receptors, and makes use of bioinformatics methods for T‐ and B‐cell epitope prediction. The authors produce various simulations of classical immunization experiments, investigation of the role of MHC haplotype heterozygosity during influenza infection and of the emergence of high‐affinity clonal expansion during chronic infection, thus offering a means to *in silico* better understanding of immune responses ([@b39]). On another line, models of influenza viral epitope spread over years, their spatial dissemination and antisera responses will certainly guide the design of more adapted vaccines ([@b34]). More generally, mathematical and computer modellers have developed strategies to represent immune components with the languages of statecharts ([@b49]) or to provide visual simulations of their behaviour with multi‐agent technologies ([@b9]). The proof of concept that complex mathematical modelling can be automatically generated from graphical communication medium designed by biologists ([@b29]) opens new potential for the development of efficient and predictive models in vaccinology.

Conclusion
==========

Despite their great success, mechanisms describing how effective vaccines stimulate protective immune responses are poorly known. A major challenge in vaccinology is to prospectively determine vaccine efficacy. High‐throughput technologies, such as gene expression profiling, multiplex analysis of cytokines and multiparametric flow cytometry, imaging combined with computational modelling offer new perspectives. Recent advances in systems biology have now broad implications for vaccinology. Elucidation of clusters of signatures that correlate with vaccine immunogenicity should facilitate not only the rapid screening of vaccines but also the formulation of new hypotheses on how vaccines mediate long‐term protective immune responses. The realization of these challenges could finally lead to the development of new tools, as vaccine chip including limited number of gene probe sets that can identify predictive signatures for all the correlates of immunogenicity and protection. The key to success relies on good interactions between multidisciplinary experts of immunology, vaccinology, computer science, bioinformatics, biostatistics. . . The recent development and financial support of systems biology institutes and transnational programmes contribute to make it possible ([@b2]; [@b24]; [@b43]). Systems vaccinology ([Fig. 2](#f2){ref-type="fig"}), thus offers great promise for future translation of basic immunology research advances into successful vaccines. Complementary to the 'classical' approach to vaccine development, it should speed up vaccine development and vaccine candidate selection in addition to bringing new hypotheses to the underlying mechanisms to efficient vaccine‐induced immune responses.

![A systems biology‐based vaccine design scheme. Top‐down and bottom‐up modelling strategies are complementary to generate new hypotheses that can be tested in *in silico* simulations, as well as classical bench or field studies. In the end, identified vaccine response efficacy signatures lead to the validation of optimized vaccine candidates.](mbt0005-0295-f2){#f2}
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